Ischemia-reperfusion injury (I/R) is responsible for primary liver dysfunction and failure after transplantation, liver resection, or hemorrhagic shock.
1 I/R injury is triggered when the liver is transiently deprived of oxygen and reoxygenated, and this type of injury can occur in several clinical settings, such as those associated with low-flow states, a diverse range of surgical procedures, or organ procurement for transplantation. 2 Jaeschke et al. 3 described and characterized two distinct phases of liver injury. The early phase of injury occurs during the initial few hours after reperfusion and involves the production of reactive oxygen species by Kupffer cells, which also produce pro-inflammatory cytokines, including tumor necrosis factor-α (TNF-α) and interleukin-1 (IL-1), and eventually give rise to a later, inflammation-mediated, phase of injury. 3 I/R injury is detrimental to liver graft function. Unfortunately, there is no treatment available to prevent hepatic I/R injury. A better understanding of the intrinsic mechanisms that mediate the intricate cell survival signaling pathway should allow the development of a novel therapeutic approach to minimize the adverse effects of I/R injury.
Nuclear factor-kappa B (NF-κB) and activating protein-1 (AP-1) are important transcription factors that control the expression of cytokines and factors involved in the regulation of I/R injury. Previous studies have indicated that NF-κB is activated during liver I/R injury and that the inhibition of its activation during I/R reduces hepatocyte necrosis in rats. [4] [5] [6] [7] The inflammatory response is tightly regulated by proinflammatory mediators such as p38 mitogen-activated protein kinases (MAPKs) and c-Jun-N-terminal kinase (JNK). The activation of JNK is crucial to I/R injury and leads to caspase-3 activation and hepatic apoptosis. 8 Under I/R conditions, JNK is activated by phosphorylation, translocates to the nucleus, and activates target genes such as c-Jun. Phosphorylated c-Jun can dimerize, leading to the formation of AP-1, which is involved in the transcription of a wide variety of proteins, including some proapoptotic proteins. NF-κB/JNK pathways are crucial for the pathogenesis of liver I/R injury, but how these pathways are regulated in I/R injury is largely unknown.
The tumor necrosis factor receptor (TNF-R)-associated factor (TRAF) family of intracellular proteins includes seven known members (TRAF1-7) in mammals, and these proteins have been characterized as signaling adapters that bind directly to TNF-R superfamily receptors. TRAF1 is unique among TRAFs in that it lacks the RING domain, 9, 10 and its expression is restricted to activated lymphocytes, dendritic cells, and certain epithelia.
11 TRAF1 can be significantly induced by stimulation of TNF-α or other ligands 12 and is dysregulated in diseases involving atheromas, 13 lymphomas, 11 and solid tumors. 14 TRAF1 exerts diverse and often conflicting biologic effects that are cell-type-and context-specific. 15, 16 Numerous studies have provided evidence that TRAF1 participates in the NF-κB pathway and has an antiapoptotic role in TNF-α-mediated hepatocyte apoptosis. 17, 18 However, Tsitsikov et al. 19 reported marked proliferation of TRAF1-deficient T cells in response to TNF-α treatment and noted that TRAF1-null mice were hypersensitive to TNF-induced skin necrosis. TRAF1 can be cleaved by caspase-8, resulting in the negative regulation of the antiapoptotic role of TRAF2 during TNF-induced apoptosis. 20 In addition, our previous work suggests that TRAF1 acts as a proapoptotic mediator in MCAO-induced ischaemic stroke. 21 As liver I/R results in inflammation and the death of hepatocytes, we hypothesized that TRAF1 contributes to the pathogenesis of liver I/R.
This study tested the hypothesis that TRAF1 is a critical mediator of cell injury after hepatic I/R. We demonstrated that TRAF1 expression was induced in mouse hepatocytes 3 h after I/R injury. Moreover, we found that the disruption of TRAF1 was liver-protective, whereas sustained TRAF1 overexpression was associated with increased inflammatory responses, susceptibility to ischemia-induced apoptosis, and a decreased liver regenerative capacity. We further revealed that the inhibition of the JNK pro-death pathway and NF-κB pathway is crucial for the increased survival of hepatocytes mediated by TRAF1 inhibition, implicating a TRAF1-ASK1 interaction in hepatic I/R.
Results
Hepatic TRAF1 messenger RNA and protein expression were induced in liver I/R injury. We first determined whether TRAF1 is involved in liver I/R injury by analyzing its expression in ischemic lobes from mice subjected to warm liver I/R and from mice subjected to a sham procedure. TRAF1 messenger RNA (mRNA) levels gradually increased after reperfusion and reached peak levels at 48 h (Figure 1a) . A western blot analysis revealed that TRAF1 protein expression was significantly upregulated after ischemia and persisted after 24 h of reperfusion, but had slightly decreased after 48 h (Figure 1b) . In cultured hepatocytes exposed to hypoxia/reoxygenation (H/R) injury, we also detected a similar upregulation of the TRAF1 protein over time ( Figure 1c ). These results support a possible role for TRAF1 in mediating liver I/R injury.
TRAF1 is involved in liver I/R injury. As TRAF1 was highly upregulated on exposure to I/R, we next characterized the effect of TRAF1 suppression on I/R-induced injury. Western TRAF1 mediates hepatic injury X-F Zhang et al blot analysis of liver tissues from global TRAF1-knockout (KO) and wild-type (WT) mice indicated that TRAF1 was absent in the TRAF1-KO mice (Figure 2a ). The mice were subjected to hepatic I/R, and liver architecture and morphology were assessed by histopathology 12, 24, and 48 h after reperfusion. No significant differences were observed between the KO and WT group after the sham operation.
Extensive necrosis was present in the WT group, whereas TRAF1 deficiency resulted in substantially smaller necrotic areas (Figure 2b ). After warm partial hepatic I/R, the levels of the serum markers ALT and AST in the WT and TRAF1-KO mice were higher than that in the sham group. Significantly lower ALT and AST levels were noted in TRAF1-deficient mice than that in WT mice (Figure 2c ), which further indicated that these mice experience less liver damage following I/R injury. TRAF1 is expressed in both hepatocytes and cells of the myeloid-lineage and may function in a cell-type-specific manner. To determine the origin of TRAF1 that contributes to I/R injury, we established transgenic (TG) mice expressing TRAF1 under the control of either a myeloid-specific lysozyme M promoter or the hepatocyte-specific albumin(Alb) promoter and enhancer (Figure 2d ). Compared with non-transgenic (NTG) mice, the serum ALT/AST levels in Alb-TRAF1 TG mice were higher 24 h after I/R, with significant hepatic necrosis observed in H&E-stained liver sections, whereas the injury in the Lys-M-TRAF1 TG mice remained comparable to that in the NTG control (Figures 2e, f) . These results indicate that hepatocytes have a major role in TRAF1-mediated injury, and we focused further research on only the hepatocyte-specific TRAF1 TG mice (Figure 2g ). The livers in TRAF1 TG mice exhibited significant histological injury and higher serum ALT/AST levels 12, 24, and 48 h after I/R than NTG controls (Figures 2h, i) .
TRAF1 contributes to the inflammatory response after liver I/R. Previous investigations have revealed that polymorphonuclear cells (PMNs) and other immune cells begin to accumulate during the initial reperfusion period. 22 Myeloperoxidase (MPO) activity, which is an activation index of PMNs, was lower in TRAF1-KO mice than in WT mice but higher in TRAF1 TG mice than in NTG mice after liver I/R (Figure 3a ). The accumulation of T cells, neutrophils, and macrophages in the post-ischemic liver lobes was assessed by immunofluorescent staining with antibodies specific for cells' surface markers: CD3, lymphocyte antigen 6 complex locus G (LY6G), and macrophage antigen-1 (MAC1), respectively. The number of positive cells was significantly lower in livers from TRAF1-deficient mice, whereas the number was higher in TRAF1 TG mice (Figures 3b and c) . The cells labeled with surface markers were also assessed by flow cytometry, and results similar to those found above were observed (Figure 3d ), indicating that TRAF1 is essential for the I/Rinduced migration of inflammatory cells.
The local mRNA expression of the pro-inflammatory factors TNF-α, IFNγ, IL-1β, IL-2, and IL-6 and the anti-inflammatory factor IL-10 was examined after 60 min of ischemia and 12 h of reperfusion in each group. Partial hepatic I/R in the WT mice induced a marked upregulation of pro-inflammatory cytokine levels and decreased IL-10 expression compared with the sham-operated controls. However, TRAF1 deficiency significantly reduced the cytokine expression (Figure 3e ). The TNF-α, IL-1β, IL-2, and IL-6 levels in the peripheral blood were consistently significantly lower, and the IL-10 levels were higher in TRAF1-deficient mice than in WT mice after reperfusion (Figure 3g ). In contrast, local and circulating proinflammatory cytokine levels were higher, and the IL-10 levels were lower in the TRAF1-overexpressing mice than in the NTG group (Figures 3f, h ).
TRAF1 has been suggested to regulate NF-κB activation. 15 In hepatocytes, NF-κB activation following I/R is responsible for the injury. 22 Thus, we measured the levels of the p65 subunit of NF-κB and the inhibitory protein IκBα and found increases in the p65 and IκBα phosphorylation levels after liver I/R. In the absence of TRAF1, liver I/R injury could no longer induce the phosphorylation of p65 and IκBα (Figure 3i ), whereas TRAF1 overexpression exacerbated the NF-κB activation (Figure 3j ). These results indicate that the lack of TRAF1 blunted the inflammatory insult induced by I/R.
TRAF1 has an important role in I/R-induced cell death. The cellular apoptosis or necrosis level determines the extent of liver damage after I/R. To analyze the effects of TRAF1 on hepatocyte apoptosis, we first used a terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labeling (TUNEL) assay. The number of positively stained cells was diminished by the deletion of TRAF1 but was augmented in TRAF1-overexpressing mice (Figures 4a and b) .
The activation of caspase-3 and B-cell lymphoma 2-associated X protein (Bax) and the decreased production of B-cell lymphoma 2 (Bcl-2) are major biochemical markers of apoptotic cell death, and various studies have described these events after liver I/R. 23 Thus, we examined the protein expression of these apoptotic markers in ischemic liver lobes and observed a significant decrease in the proapoptotic factors caspase-3, Bax, Bcl-2-associated death promoter (Bad), Bcl-2 antagonist killer (Bak) and BH3-interactingdomain death agonist (Bid) and an increase in the antiapoptotic factors Bcl-2 and Bcl-extra large (Bcl-XL) in TRAF1-deficient mice (Figures 4c and e) , whereas overexpressing TRAF1 induced higher levels of proapoptotic markers and lower levels of anti-apoptotic markers (Figures 4d and g ). Cytochrome C (Cyt C) released from mitochondria into the cytoplasm activates downstream caspases and apoptosis. We observed a significant release of Cyt C in TRAF1 TG mice at 12 h after I/R, whereas TRAF1 deficiency prevented Cyt C release (Figures 4f, h ).
TRAF1 regulates cultured hepatocyte survival after H/R. To investigate whether TRAF1 is a modulator of hepatocyte cell death or survival during the I/R injury process, we constructed an in vitro system that mimics I/R stress on hepatocytes by subjecting hepatocytes to 60 min of hypoxia followed by a timed series of reoxygenation steps. The cultured hepatocytes isolated from TRAF1-deficient mice exhibited less DNA fragmentation and LDH release and higher values in the 3-(4,5-Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) assay results after H/R, demonstrating the protective effects of TRAF1 deficiency (Figure 5b) . Notably, the survival index after reoxygenation was significantly deteriorated in hepatocytes from TRAF1 TG mice than that from the NTG controls ( Figure 5b) .
We then used recombinant adenoviruses to evaluate the effect of TRAF1 on cultured hepatocytes. The transfection of cultured hepatocytes with AdshTRAF1 successfully silenced endogenous TRAF1 expression, and AdTRAF1 resulted in a significant increase in exogenous TRAF1 expression (Figure 5a ). The primary hepatocytes transfected with AdshTRAF1 were significantly protected from H/R-mediated cell damage, and AdTRAF1 substantially impaired cell survival (Figure 5c ). We further examined apoptotic markers to confirm the in vitro effects of hepatocyte TRAF1 on apoptosis induced by H/R. H/R challenges induced the expression of Bax and cleaved caspase-3, whereas suppressed the expression of Bcl-2; however, the effect was diminished in cells transfected with AdshTRAF1 and was greatly increased by transfection with AdTRAF1 (Figure 5d , e).
The regenerative capacity of the liver was regulated by TRAF1. Hepatocyte proliferation or regeneration can ameliorate hepatocyte injury after liver I/R, and the capacity of the liver to regenerate is an important determinant of postischemic liver function. 24 Therefore, we next investigated the effects of TRAF1 on hepatocyte proliferation, as assessed by proliferating cell nuclear antigen (PCNA) staining. The TRAF1-KO mice exhibited a higher percentage of PCNApositive cells than WT controls 24 h after liver I/R (Figure 6a ), suggesting that enhanced hepatic regeneration occurs in TRAF1-deficient mice. The extent of hepatocellular regeneration following I/R was further assessed by measuring the mRNA and protein expression levels of the proliferation markers PCNA, cyclin D and cyclin E; the corresponding genes were induced in ischemic liver lobes from WT mice after I/R and were expressed at significantly higher levels in TRAF1-KO mice (Figures 6c and e) . However, the number of PCNA-positive cells was lower in TRAF1-overexpressing livers, indicating diminished hepatocyte proliferation ( Figure 6b ). This finding was also confirmed by quantitative change in proliferation marker expression as examined by real-time PCR and western blotting (Figures 6d and f) .
TRAF1 promotes the ASK1-MKK4/7-JNK signaling pathway. A three-tiered signaling module consisting of MAPKKKs (MKKKs), MAPKKs (MKKs), and MAPKs enables cells to respond to exogenous and endogenous stimuli. 25 Apoptosis signal-regulating kinase 1 (ASK1) is a member of the MAPKKK family and has been reported to be strongly activated by ischemia in the perfused rat heart. 26 Therefore, we initially assessed the phosphorylation level of ASK1, by TRAF1-KO  WT  TRAF1-KO   TRAF1-TG  NTG  TRAF1-TG   TRAF1-TG  TRAF1-TG  NTG  NTG  TRAF1-TG  TRAF1- TRAF1 mediates hepatic injury X-F Zhang et al using western blot analysis, and observed that basal phosphorylation of ASK1 in liver tissue was low and that ASK1 phosphorylation was increased 12 h after I/R (Figures  7a and b) . Notably, the phosphorylation of ASK1 was markedly decreased to basal levels in TRAF1-deficient liver tissue after I/R (Figure 7a ). Once activated, ASK1 phosphorylates the MAPK kinases MKK4/7 and MKK3/6, which in turn promote JNK and p38 kinase activities, respectively. 27 For the stress-type specificity of MAP kinase kinase kinases, we sought to investigate downstream components of the liver 
I/R-responsive pathway(s).
Using a western blotting screen, we observed that the phosphorylation of MKK4 and JNK induced by I/R was also lower in the absence of TRAF1 (Figure 7a ), although the total protein levels of these kinases were not altered in TRAF1-KO and WT groups. In parallel, the level of phosphorylated c-Jun (at the Ser63 and Ser73 residues) was markedly increased by liver I/R, but this increase was inhibited in the liver of TRAF1-KO mice (Figure 7a ). In contrast, the phosphorylation levels of each member of the ASK1-MKK4-JNK-c-Jun pathway were significantly increased in TRAF1-overexpressing livers after I/R challenge, although no difference was observed between the TRAF1 TG and NTG control groups under sham operation conditions (Figure 7b ). We therefore hypothesized that the effect of TRAF1 on the MAPKKK signaling pathway may have occurred in hepatic parenchymal cells. Consistent with the in vivo results, after H/R treatment, cultured hepatocytes exhibited higher protein levels of phosphorylated ASK1, MKK4, JNK, and c-Jun (Figures 7c and d) . As expected, the amount of these phosphorylated proteins was lower in cells that had been transfected with AdshTRAF1 under H/R conditions but was higher in hepatocytes transfected with AdTRAF1 (Figures 7c and d) .
TRAF1 physically interacts with ASK1. As the TRAF2 and TRAF6 proteins have been shown to be recruited to ASK1, we sought to determine whether TRAF1 can also bind to ASK1. HepG2 cells were transfected with Flag-tagged ASK1 and Myc-tagged TRAF1, and the protein-protein interactions were assessed by immunoprecipitation (IP). We observed obvious binding of TRAF1 to ASK1 in this in vitro system (Figure 8a ), demonstrating that the interaction is direct. Furthermore, primary hepatocytes were lysated for IP with either TRAF1-specific antibody or ASK1-specific antibody, and endogenous TRAF1 and ASK1 were also found to interact in this system (Figure 8b) .
To determine the interaction regions, deletion mutants of TRAF1 and ASK1 were constructed and analyzed for their ability to interact with each other (Figure 8c ). HepG2 cells were co-transfected with full-length or truncated TRAF1 expression vectors with Myc tags and with Flag-tagged ASK1 expression vector. The cell lysates were immunoprecipitated with antiMyc or an anti-Flag antibody and then analyzed by western blotting using anti-Flag or anti-Myc antibody, respectively. The results showed that residues 188-409 of TRAF1 were responsible for the interaction (Figures 8d and f) . Similarly, we co-transfected HepG2 cells with a series of Flag-tagged ASK1 constructs and full-length Myc-tagged TRAF1 and performed IP, and we confirmed that only the construct consisting of ASK1 C terminus (residues 941-1375) lost the ability to bind to TRAF1 (Figures 8e and g ), indicating that all of the other ASK1 domains contributed to this interaction.
To investigate the putative relationship between TRAF1 and ASK1, we investigated whether TRAF1 colocalizes with ASK1 in vitro. HepG2 cells were co-transfected with GFP-fusion proteins of full-length TRAF1 or the TRAF1 N terminus (residues 1-187) and a mCherry-fusion protein of ASK1. The subcellular localization of the proteins was visualized by confocal microscopy and image processing. Full-length TRAF1 and the N terminus of TRAF1were perfectly colocalized with ASK1 in the cytoplasm, although the TRAF1 N terminus was unable to interact with ASK1 in vitro. (Figure 8h ). To further confirm the TRAF1-ASK1 interaction in vivo, we used fluorescence resonance energy transfer (FRET), in which the energy transfer between the donor and acceptor depends on the distance and dipole orientations of the two partners. We co-transfected 293T cells with vectors expressing CFP-fused ASK1 and YFP-fused full-length TRAF1 or TRAF1 N terminus (residues 1-187) as the donor-acceptor pair. To measure FRET in cells, we used the dequenching approach in which the mean fluorescence intensities of the donor (CFP) fluorophores were recorded before and after acceptor (YFP) photobleaching. The average FRET efficiency was calculated, and the intensities of ASK1-CFP fluorescence increased by 8.69% with coexpressed full-length TRAF1-YFP, but only by 1.64% with coexpressed truncated TRAF1. The detected FRET suggests that the C-terminal domain of TRAF1 is required for the association of the two proteins (Figures 8i and j) .
The kinase activity of ASK1 is crucial for its function in hepatocytes. Owing to the direct interaction of TRAF1 with ASK1 and the observation that the levels of phosphorylated ASK1 were lower in TRAF1-deficient mice, we hypothesized that the inhibition of the physical binding between TRAF1 and ASK1 blocks the effect of TRAF1 on ischemic hepatocytes. We then constructed recombinant adenoviruses expressing mutant ASK1 that could not bind to TRAF1. Transfection of cultured hepatocytes with the vector carrying this mutant ASK1 did not increase the H/R-induced cell damage, as measured by an MTT assay and an LDH release assay (Figure 8k) , indicating that the dissociation of ASK1 from TRAF1 eliminates the damage caused by excessive wildtype TRAF1.
We transfected TRAF1-deficient hepatocytes with AdASK1 and observed that the overexpression of ASK1 exacerbated the cell injury, abrogating the hepatoprotective effect of targeting TRAF1 (Figure 8l ). Finally, we examined whether the activity of ASK1 is required for its effect on hepatocyte survival. Accordingly, hepatocytes isolated from TRAF1 TG or NTG mice were transfected with adenoviruses expressing dominant-negative ASK1 (Addn-ASK1). Surprisingly, higher MTT values and less LDH release were observed in the Addn-ASK group, indicating that H/R-induced cell injury was suppressed by dnASK1 (Figure 8m) . The above data demonstrated that TRAF1-ASK1 signaling has an important role in I/R-associated hepatocyte injury.
Discussion
TNF-α participates in liver I/R injury by modulating both the inflammatory response and cell death; 28 however, the understanding of TNF-α-mediated signal transduction during liver I/R is limited. 28, 29 In the current study, we sought to determine how TRAF1, a key molecule in the TNF pathway, 17 is involved in hepatic I/R. We demonstrated for the first time that TRAF1 expression is upregulated in the liver following warm I/R injury. Furthermore, we demonstrated that increased TRAF1 expression contributes to hepatic damage, whereas TRAF1 deficiency provides resistance to I/R injury. Hepatic I/R results in TNF-α production by immune cells, which is correlated with the severity of liver injury. 30 In addition, hepatocytes have been shown to exhibit higher TNFR expression levels in acute and chronic inflammatory liver diseases. 31 TNF-α binds to its receptors, inducing receptor oligomerization and the association of various adapter proteins, including TRAF1. 32 We hypothesized that TRAF1 also regulated in ischemic liver diseases. Previous reports have demonstrated that TRAF1 is expressed in lymphocytes, dendritic cells, and certain epithelia but not in the liver. 11, 16 In this study, we provide evidence that in the normal liver, TRAF1 expression is low, but after hepatic I/R TRAF1 mRNA and protein levels are significantly higher than in mice subjected to sham operation. Similarly, hepatocytes exposed to H/R exhibit high TRAF1 expression. We hypothesized that hepatic TRAF1 is strongly upregulated in response to TNF-α activation after reperfusion; however, we observed only a slight induction of TRAF1 after 60 min of ischemia, and this induction may have been caused by other, unknown, mechanisms. Intratracheal administration of TNF-α did not induce TRAF1 in hepatocytes; 33 thus, we believe that the hepatic TRAF1 upregulation after I/R depends on the context or stressor type.
TRAF1 is transcriptionally upregulated by TNF-α and other ligands and has an inhibitory function in special processes. 12, [17] [18] [19] Unexpectedly, the increased expression of TRAF1 appeared to promote the inflammatory pathophysiology of hepatic I/R injury in our study. The hepatocytespecific TRAF1-overexpressing mice exhibited significantly TRAF1 mediates hepatic injury X-F Zhang et al higher aminotransferase levels and more severe necrosis. Strikingly, the number of infiltrating immune cells and the levels of local or circulating pro-inflammatory cytokines were higher in TRAF1 TG mice. In contrast, TRAF1 knockout resulted in significantly reduced inflammation, with lower levels of proinflammatory cytokines and less immune cell infiltration. The inflammatory response mediated by a number of cytokines/ chemokines released by infiltrating leukocytes or parenchymal cells has been considered to promote most of the tissue damage apart from the initial cellular injury, which is directly caused by ischemia. 22, 29 Therefore, the effect of TRAF1 on hepatic damage appears to be at least partially due to its potential to regulate the immune response.
TRAF1 exerts diverse and often conflicting biological effects that are dependent on cell type and context. 15, 16 Our findings of the protective function of TRAF1 KO on liver injury induced by warm I/R appear to be incompatible with the results from another model in which TRAF1-KO mice treated intratracheally with TNF-α exhibited markedly more liver injury than WT mice. 33 In the present study, hepatocyte TRAF1 was a deleterious factor, promoting inflammation and TNF-α under the I/R-induced stress. A recent report identified TRAF1 as a pro-inflammatory mediator of atherosclerosis, a chronic inflammatory disease, 34 which is consistent with our findings and supports the hypothesis that TRAF1-mediated function depends on the cell type or disease.
TRAF1 has been reported to be a regulator of cell fate that suppresses TNF-α-mediated apoptosis. 35 In another previous study, TRAF1-deficient T cells markedly proliferated after TNF treatment, and TNF-induced skin necrosis was exacerbated in TRAF1-null mice. 19 However, these results mostly revealed the effect of TRAF1 after TNF-α administration, and little is known about the response under other stresses. Our study demonstrated that in addition to inhibiting inflammation, TRAF1 deficiency also attenuates cell death and enhances the regeneration of hepatocytes after liver I/R, which is in contrast to the prevalent opinion that TRAF1 exhibits antiapoptotic functions. 35, 36 TRAF1 functioned as a proapoptotic gene in hepatocytes in our warm liver I/R model, and TRAF1 functioned in both the ischemia and the reperfusion phases.
ASK1 is well known to have a pivotal role in oxidative stressinduced cell death, 37 and TRAF2 and TRAF6 bind to and activate ASK1 to promote cell death. 38 In this study, we demonstrated that TRAF1 can interact with ASK1 and increase the phosphorylation level of ASK1, suggesting a novel signaling mechanism involving TRAF family proteins and ASK1 in I/R-induced cell death.
Similar to other TRAF family members, TRAF1 has a conserved C-terminal TRAF domain that is responsible for its association with TNFR cytoplasmic tails and for its oligomerization. 16 The N terminus of TRAF1 lacks a RING domain, and therefore differs from all of the other TRAF adapter molecules. 39 Thus, the interaction between TRAF1 and ASK1 appears to be specific, and the C terminus of TRAF1 (TRAF domain) is required for the association. Although the binding domain of TRAF is present in the N terminus of ASK1, 37 the kinase domain of ASK1 is also crucial for binding to TRAF1, highlighting the uniqueness of this interaction.
ASK1 is autophosphorylated and activated in the hippocampus under ischemic stress. 40 We observed higher levels of phosphorylated ASK1 in the liver after I/R, and this increase in ASK1 phosphorylation was abrogated in the TRAF1-deficient liver and augmented in the TRAF1-overexpressing liver. Furthermore, the isolated hepatocytes exposed to H/R exhibited higher ASK1 phosphorylation. Adenovirus-mediated TRAF1 knockdown inhibited ASK1 phosphorylation, whereas ASK1 phosphorylation was markedly induced by TRAF1 overexpression. This evidence strongly suggests that ASK1 is activated by TRAF1 after I/R, although the mechanism is still not well understood.
JNK has been shown to be phosphorylated and activated by liver I/R injury, 41 and we also observed this in our liver I/R model. Moreover, the concurrent expression of phosphorylated ASK1, MKK4, JNK, and c-Jun was observed in the current study. The TRAF1-deficient livers exhibited lower levels of these phosphorylated signal transducers after hepatic I/R, whereas hepatic overexpression of TRAF1 exacerbated the activation of this signaling pathway, indicating that TRAF1 may regulate liver damage through the ASK1-MKK4-JNK pathway. Recently, the influence of the innate immune system and the interplay of the innate and adaptive immune systems in the pathogenesis of I/R injury were elucidated. 42 The present study provides novel evidence that TRAF1-deficient mice are resistant to liver I/R injury and demonstrates that TRAF1 deficiency has a protective effect on both the inflammatory response and cell death. Owing to the regulation of ASK1-MKK4-JNK signal transduction by TRAF1, the specific inhibition of TRAF1 and its downstream pathway may be a therapeutic target against the detrimental consequences of liver I/R. TRAF1-KO mice (C57BL/6J background) were purchased from the Jackson Laboratory (Bar Harbor, ME, USA; Stock No. 008076), and the knockout was confirmed via PCR analysis using the primers 5′-GCCAGAGGCCACTTGTGTAG-3′, 5′-CAGAACCCCTTGCCTAATCC-3′, and 5′-TCCTAGAGGCCTGCTGCTAA-3′. To generate hepatocyte-specific TRAF1 TG mice, full-length murine TRAF1 cDNA amplified with the forward primer 5′-GAACTCGAGCCACCATGGCCTCCAGCTC AGCCCC-3′ and reverse primer 5′-GAAGGATCCTAAGCACTAGTGTCCACAA-3′ was cloned downstream of the albumin promoter. This construct was microinjected into fertilized embryos (C57BL/6J background) to produce hepatocyte-specific TG mice, and four independent TG lines were established. Genomic DNA was extracted from the tail for genotyping using PCR analysis with the primers 5′-AAGGGTGGCAACTTCTCCTC-3′ (forward) and 5′-ATAAGGAATGGACAGC AGGG-3′ (reverse). Only 8-to 10-week-old (24-27 g) males were used. All mice were housed in an environment with controlled light (12 h light/dark), humidity, and temperature, with food and water available ad libitum.
Mouse hepatic I/R injury model. A non-lethal model of segmental (70%) warm hepatic I/R injury was performed after the mice were anesthetized by pentobarbital sodium (50 mg/kg, i.p., Sigma-Aldrich, P3761, St. Louis, MO, USA). First, a midline laparotomy was performed after the abdominal wall of the mice was shaved and cleaned with Betadine. An atraumatic microvascular clamp (Fine Science Tools, North Vancouver, BC, Canada) was used to occlude the vasculature supplying the left and median lobes (ischemic lobes) of the liver for 60 min. Evidence of ischemia was confirmed by visualizing the pale blanching of the ischemic lobes. The mice in whom no ischemic color changes were observed or who exhibited a lack of response to reperfusion were immediately killed. The abdomen was covered during the ischemic period, and the body temperature of the mice was maintained at 36.5-37.5°C through the use of a homeothermic blanket. After the removal of the clamp, reperfusion was confirmed by the color change of the ischemic lobes. Finally, the abdomen was closed with a continuous 4-0 polypropylene suture. Sham mice underwent the same surgical procedure without vasculature occlusion.
Liver damage assessment. The serum aspartate aminotransferase (sAST) and serum alanine aminotransferase (sALT) levels were determined by using a spectrophotometer (Chemix 180i, Sysmex, Shanghai, China). Liver MPO activity was measured in frozen tissues according to the published methods, 43 with slight modifications. In brief, 100 mg of liver tissue was homogenized in 2 ml of buffer containing 3.4 mmol/l of KH 2 HPO 4 and 16 mmol/l of Na 2 HPO 4 (PH 7.4). After the mixture was centrifuged for 20 min at 10 000 × g, the precipitation was resuspended in 10 volumes of the buffer, which contains 43.2 mmol/l of KH 2 HPO 4 , 10 mmol/l of EDTA, 6.5 mmol/l of Na 2 HPO 4 , and 0.5% hexadecyltrimethylammonium (pH 6.0), and the sample was sonicated for 10 s. The supernatant was reacted with 3,3′3,5′-tetramethylbenzidine after being heated at 60°C for 2 h. Finally, the change in absorbance was read by a spectrophotometer at 655 nm. For histopathological analysis, hematoxylin and eosin (H&E) staining was performed after the liver tissues were fixed in 10% formalin, embedded in paraffin, and sectioned (5 μm per section). The percentage of necrotic area was estimated by random evaluation of five highpower fields (×200) for each H&E section.
Cytokine measurement. Serum TNF-α, IL-1β, IL-2, IL-6, and IL-10 cytokine levels were measured by a commercially available enzyme-linked immunosorbent assay kit (Peprotech, Rocky Hill, NJ, USA; RayBio, Norcross, GA, USA; Invitrogen, Camarillo, CA, USA). Additional details are included in the Supplementary Table 1 .
Analysis of apoptosis. Apoptosis was evaluated by a TUNEL assay with the ApopTag Plus In Situ Apoptosis Fluorescein Detection Kit (EMD Millipore Corporation, S7111, Billerica, MA, USA) according to the manufacturer's instructions. A commercially available cell death detection enzyme-linked immunosorbent assay kit (11585045001, Roche Applied Science, Penzberg, Germany) was used to assess the DNA fragmentation in primary hepatocytes according to the manufacturer's instructions.
Immunofluorescence staining. Immunofluorescence staining was performed as described previously. 44, 45 In brief, paraffin-embedded liver tissues were cut into 5-μm sections and processed for immunofluorescence staining. After a 5-minute high-pressure antigen retrieval process in sodium citrate buffer (100 × , pH 6.0), liver sections were washed in PBS containing 10% goat serum for 1 h and incubated with the indicated primary antibodies at 4°C overnight: rabbit anti-Mac1 (CD11b, 1 : 100 dilution, ab75476, Abcam, Cambridge, MA, USA), anti-CD3 (1 : 100 dilution, ab16669, Abcam); rat anti-Ly6G (1 : 100 dilution, 551459, BD Biosciences, San Jose, CA, USA) and mouse anti-PCNA (1 : 100 dilution, 2586, Cell Signaling Technology, Beverly, MA, USA). After washing with PBS, the sections were incubated with the appropriate secondary antibodies for 1 h at 37°C. The secondary antibodies used included anti-mouse immunoglobulin G (IgG) Alexa Fluor 568 conjugate (Invitrogen), anti-rat IgG Alexa Fluor 568 conjugate, and goat anti-rabbit IgG Alexa Fluor 568 conjugate. The nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI). Images were obtained using a fluorescence microscope (OLYMPUS DX51, Tokyo, Japan) and DP2-BSW software (version 2.2, Tokyo, Japan), and the images were analyzed with Image Pro Plus (version 6.0, Media Cybernetics, Rockville, MD, USA).
Primary hepatocyte isolation and culture. Primary hepatocytes were cultured according to the published methods, 43 with a slight modification. Liver perfusion medium (Invitrogen, 17701-038) was used to perfuse the livers in situ via the portal vein and was followed by liver digest medium (Invitrogen, 17703-034) after anesthetizing the mice with pentobarbital sodium. The liver was excised and minced in William's E medium (Life technologies, A12176-01, Grand Island, NY, USA). The cell suspension was mixed gently several times with a pipette and strained through a steel mesh sieve after removing the liver capsule. The dispersed hepatocytes were collected via centrifugation at 50 × g for 5 min at 4°C and washed twice with William's E medium. Hepatocytes were isolated by Percoll separation and washed twice with William's E medium. The final pellet was resuspended in William's E medium. The hepatocytes were counted, and their viability was determined by trypan blue exclusion. The hepatocytes were cultured under normoxic conditions (air/5% CO 2 ) for further experiments.
Adenoviral infection and hypoxia-reoxygenation model in vitro. Adenoviruses harboring sequences encoding mouse TRAF1 and a short hairpin RNA targeting TRAF1 (shTRAF1) were generated. The open reading frame (ORF) of mouse TRAF1 was purchased from OriGene (MG206422, Rockville, MD, USA) and subcloned into a pCMV6-AC-GFP shuttle vector. Recombinant adenoviruses were generated using an AdEasy vector kit (Stratagene, La Jolla, CA, USA). Inserts were cloned into the pShuttle-CMV vector. Plasmids were recombined with the pAdEasy backbone vector according to the manufacturer's instructions, and HEK293 cells were transfected with the vector using FuGENE transfection reagent (E2312, Roche, Indianapolis, IN, USA). Recombinant adenoviruses were plaque-purified, titrated to 109 PFU/ml, and verified by restriction digestion. To generate shTRAF1, the hairpin-forming oligonucleotides TRAF1-f, 5′-GATCCGCGTGTGTTTGAGAACATTGTTCTCGAGAA CAATGTTCTCAAACACACGTTTTTTACGCGTG-3′ and TRAF1-r, 5′-AATTCACGC GTAAAAAACGTGTGTTTGAGAACATTGTTCTCGAGAACAATGTTCTCAAACACAC GG-3′ were synthesized, annealed, and subcloned into the shuttle vector distal to the U6 promoter. Recombinant adenovirus was generated using a similar process. Cultured hepatocytes were transfected with adenovirus at a multiplicity of infection (MOI) of 100 for 48 h. To establish an I/R model in vitro, cultured cells were washed twice with PBS before the addition of serum-free DMEM/F12 medium saturated with 95% N 2 /5% CO 2 at 37°C. The culture plates were then transferred to an experimental hypoxia chamber in a saturated atmosphere of 95% N 2 and 5% CO 2 for 60 min. The medium was then replaced with fresh normal maintenance medium that had been warmed, and oxygenated, and the plates were returned to a 37°C humidified incubator under normoxic conditions (air/5% CO 2 ) for the indicated times. Cells exposed to normoxic medium for the same periods were used as controls.
Flow cytometry. Flow cytometry was performed to assess kupffer cell, inflammatory monocyte, and neutrophil infiltration into the liver. In brief, ischemia liver lobes were aseptically collected from mice after 1 h of ischemia and 12 h of reperfusion and prepared as a single-cell suspension. Nonparenchymal cells (NPCs) were isolated from ischemic lobes (I/R) after 12 h of reperfusion. Groups were pooled and analyzed by flow cytometry as described previously. 46 We defined neutrophils as CD11bhiLy6Ghi, inflammatory monocytes as CD11bintLy6Chi, and Kupffer cells as CD11b+F4/80+. Antibodies were purchased from Biolegend (San Diego, CA, USA): CD16/32 (clone 93), F4/80 (APC; clone BM8), Ly6G (PE; clone 1A8), Ly6C (FITC; clone HK1.4), CD11b (PerCP/Cy5.5; clone M1/70). Data were acquired with CyAn Advanced Digital Processing (ADP) analyzer (Beckman Coulter, Miami, FL, USA) and analyzed with Summit v4.2. Each experiment was repeated a minimum of three times.
Quantitative real-time PCR and western blotting. TRIzol Reagent (15596-026, Invitrogen) was used to isolate total RNA from the samples of liver tissue and primary hepatocytes. Two micrograms of total RNA was used for cDNA synthesis with the Transcriptor First Stand cDNA Synthesis Kit (04896866001, Roche). The differentially expressed genes were determined by quantitative real-time PCR using SYBR green (Roche, 04887352001), and the results were normalized using GAPDH expression. The primers used are presented in Supplementary Information (Supplementary Table 2) . A western blot analysis was performed as previously described. 44, 45, 47, 48 RIPA lysis buffer (720 μl RIPA, 20 μl PMSF, 100 μl Complete, 100 μl Phos-stop, 50 μl NaF, and 10 μl Na 3 VO 4 in 1 ml lysis buffer) was used to extract total protein from the liver tissue or cultured cells. The protein concentration was determined by the Pierce BCA Protein Assay Kit (Pierce, 23225, Rockford, IL, USA). Twenty micrograms of protein was resolved via 10% SDS-PAGE (Invitrogen, NP0301BOX) and then electrically transferred to a PVDF membrane (Millipore, IPVH00010, Billerica, MA, USA), which was blocked with TBS containing 5% skim milk powder for 90 min at room temperature. After incubation with the indicated primary antibody overnight at 4°C, the membrane was incubated with a secondary peroxidaseconjugated antibody (Peroxidase-Affinipure Goat Anti-Mouse IgG (H+L) (115-035-003), Peroxidase-Affinipure Goat Anti-Rabbit IgG (H+L) (111-035-003), Jackson ImmunoResearch Laboratories, Lincoln, NE, USA). Finally, a FluorChem E (Cell Biosciences, Santa Clara, CA, USA) imaging system was used for signal detection. Protein expression levels were quantified and normalized to the loading control GAPDH. All of the antibodies used in this study are listed in Supplementary Table 3 .
Assay of cell viability. The MTT Cell Viability Assay Kit (11465007001, Roche) was used to determine cell viability, and lactate dehydrogenase (LDH) release was assessed by a colorimetric LDH cytotoxicity assay (G1782, Promega, Madison, WI, USA) according to the manufacturer's protocol.
